A[s]{.smallcaps} emphasized by Mazia ([@B39]), there are two points of no return during mitosis. One is in late prophase and passage through this point leads to nuclear envelope breakdown (NEB)^1^ and an irreversible commitment to mitosis. The other is at the metaphase--anaphase (M--A) transition when pathways are activated that trigger chromatid disjunction and exit from mitosis. We now know that both of these transition points ([@B40]) are guarded by signal transduction pathways, termed checkpoint controls ([@B16]), which inhibit or delay progress through the cell cycle (including mitosis) until the event(s) being monitored are completed or mistakes corrected.

The checkpoint controlling the M--A transition monitors kinetochore attachment to the spindle (for review see 51). This pathway is based on a negative feedback loop in which kinetochores release an inhibitor of anaphase until they are properly attached to spindle microtubules (Mts), and just one unattached kinetochore can delay anaphase for many hours. Within the past few years rapid progress has been made in understanding how this checkpoint works at the molecular level. In part through the activity of Mad (e.g., 7, 37), Bub (e.g., 20, 56) and other gene products (like cdc20; 21, 29), unattached kinetochores appear to inhibit the activity of ubiquitin ligases, known as anaphase-promoting complexes (APCs; for review see 45), that target proteins for proteolysis. Once all the kinetochores are attached and the wait anaphase signal is abrogated, APCs induce anaphase by degrading those proteins responsible for sister chromatid cohesion (e.g., 8, 12, 19, 54). After this process has been initiated, another pathway is then triggered that inactivates the mitotic cyclin-dependent kinase (CDK1) by the ubiquination and subsequent proteolysis of its associated cyclin B (for reviews see 22, 45). The inactivation of CDK1 then allows the cell to escape the mitotic condition and leads to the hallmark features of telophase including chromosome decondensation, nuclear envelope reformation, and cytokinesis.

Like exit from mitosis, entry into mitosis is also subject to checkpoint controls, at least one of which prohibits the G~2~/M transition in response to DNA damage. In budding or fission yeast, this DNA damage checkpoint pathway is based on RAD, MEC1, and other gene products (for reviews see 11, 60), and it remains functional during mitosis (and can be triggered in mid-anaphase in budding yeast by dicentric chromosomes; e.g., 62). Although relatively poorly understood, mammalian cells also have one or more checkpoint control pathways during G~2~that prohibit entry into mitosis in response to DNA damage (for reviews see 25, 42, 43).

Unlike budding yeast, in vertebrates the checkpoint that prevents entry into mitosis in response to DNA damage appears to become nonfunctional very early in the mitotic process. This is suggested from Carlson\'s (5; for review see 6) early discovery that when grasshopper neuroblasts are irradiated with UV light during early to mid-prophase they return to interphase, but when irradiated during late prophase they continue into and complete mitosis. Subsequent UV ([@B15]) and visible spectrum ([@B23], [@B44]) studies, using highly focused microbeams, revealed that this radiation-induced return of prophase cells to interphase is a general feature of animals and that it is due to damage to a nuclear and not cytoplasmic component.

The goal of our study was to better characterize the radiation-induced reversion of prophase in vertebrate somatic cells, which has never been explored in a systematic manner. To this end we show that the checkpoint responsible for this phenomenon becomes nonfunctional in PtK~1~ cells ∼30 min before NEB. Prophase cells irradiated in the nucleus before this point return to interphase, whereas those irradiated after this point enter and complete mitosis with normal kinetics even if they contain broken chromosomes. Early to mid-prophase cells that have been induced to return to interphase possess a normal interphase cytoplasmic microtubule complex. This suggests that radiation damage to a prophase nucleus is converted into a signal that not only reverses the nuclear events of prophase, but which also enters the cytoplasm and ultimately inhibits the maturation of centrosomes into mitotic centers. That this checkpoint pathway involves the cytoplasm was then confirmed by experiments on cells containing two prophase nuclei. Finally, we determined how specific markers for CDK1 activity, including antibodies against phosphorylated histone H1, histone H3, and MPM2 epitopes change as prophase cells are induced to return to interphase. The results of these studies strongly suggest that the radiation-induced reversion of prophase is correlated with the downregulation of existing CDK1 activity.

Materials and Methods {#MaterialsMethods}
=====================

Cell Culture
------------

Stock cultures of PtK~1~ (rat kangaroo kidney) cells were grown in a 5% CO~2~ atmosphere in Ham\'s F-12 medium supplemented with 10% FCS and antibiotics (e.g., 27). Stock cultures of CHO cells were grown in a 5% CO~2~ atmosphere in MEM supplemented with 10% FCS and antibiotics. For experiments, cells were trypsinized from stock T flasks and plated on 25-mm^2^ coverslips in the bottom of plastic Petri dishes. These were then incubated at 37°C until the coverslip cultures became mitotically active. They were then mounted in Rose chambers in L-15 media, pH 7.2, supplemented with 10% FCS and 10 mM Hepes. Newt lung cells were grown from primary explant cultures as described in Rieder and Hard ([@B48]).

Microbeam Irradiation
---------------------

All microbeam irradiations and most of the time-lapse video light microscopy (LM) were conducted on our laser microsurgery workstation ([@B9]). After frequency doubling, the 5--7-ns pulses of 532-nm (green) light derived from our Q-switched Nd:YAG laser are focused through a Nikon (Tokyo, Japan) 1.4 NA differential interference contrast (DIC) objective into an Airy disk that approximates a 0.3 × 0.3 × 0.5-μm sausage shape ([@B9]). When attenuated to 1 μJ/pulse at the level of the specimen, this microbeam can sever a chromosome in a living PtK~1~ cell across its short axis (∼2 μm) in \<20 pulses ([@B27]). The mechanism of this ablative photodecomposition is unknown, but it is clear that damage to the specimen is restricted to the volume contained within the Airy disk ([@B28]).

For microbeam experiments, a Rose chamber was placed in a 37°C heating block ([@B50]) that was mounted on the stage of the microsurgery workstation. A suitable prophase cell was then located within the chamber using a 60× DIC objective, and its behavior was followed in vivo by video- enhanced time-lapse DIC LM. This shuttered video-enhanced system ([@B9]) is based on a Paultek 1000 video camera (Paultek Imaging, Grass Valley, CA), an Image 1 (Universal Imaging, West Chester, PA) image processing system, and a Sony (model LVR 3300; Sony Corp., Tokyo, Japan) video disk recorder. Cells were initially recorded at 1 frame per 8 s which was then increased to 1 frame per second just before irradiation. After irradiation, the framing rate was decreased to 1 frame per 30 s, and the cell was followed until fixation or until it was transferred to another microscope for long-term observations. Under either circumstance, an objective scribe was used to mark the location of the experimental cell on the coverslip before it was removed from the stage of the laser microsurgery microscope.

In one set of experiments, mitotically active coverslip cultures of PtK~1~ cells were removed from their Petri dishes, drained of excess media, and then placed cell-side up in a box designed to evenly irradiate samples with UV-B light. They were then irradiated for 30 s before being returned to their Petri dishes and incubator.

Long-term Video Light Microscopy
--------------------------------

For long term (\>6 h) studies, the Rose chamber containing the experimental cell was removed from the microsurgery workstation and placed in a 37°C heating block ([@B50]) on the stage of a Nikon Optiphot LM. The cell was then followed using 546-nm (± 20 nm) shuttered light by phase-contrast optics. Images were captured once every 10 min using a Paultek 1000 video camera and were stored on a Sun Sparc 10 workstation running ISEE (Innovisions Corp., Durham, NC). The medium within the Rose chamber was replaced every 24 h.

Immunofluorescence Microscopy
-----------------------------

MPM2 (monoclonal; no. 05-368), phosphohistone H1 (rabbit polyclonal; no. 06-597), and phosphohistone H3 (rabbit polyclonal; no. 06-570) antibodies were purchased from Upstate Biotechnology, Inc. (Lake Placid, NY). For MPM2 staining, cells were rinsed in PHEM buffer, fixed in 0.7% glutaraldehyde in PHEM for 15 min, rinsed, and then permeabilized with 0.2% Triton in PBS with 0.1% Tween-20 (PBST). After reducing with NaBH~4~, the cultures were blocked in 8% BSA in PBST, rinsed, and then stained with the primary antibody at a 1:4,000 dilution for 1 h at 37°C. They were then rinsed and incubated in an FITC-conjugated goat anti-- mouse antibody (Sigma Chemical Co., St. Louis, MO) for 30 min at 37°C. After rinsing, the coverslips were stained with Hoechst 33342, rinsed, and then mounted on microscope slides in a 50:50 mixture of PBS and glycerol containing 1 mg/ml *p*-phenylenediamine.

The procedure used for phosphohistone H3 staining was as follows. Cultures were rinsed in PBS and then fixed in ice-cold (−20°C) methanol for 10 min, rinsed in PBS, and blocked with 8% BSA in PBST. They were then rinsed and incubated in the primary antibody for 2.5--3 h at room temperature, and further processed as described above for MPM2 staining. For phosphohistone H1 staining, the cultures were rinsed in PBS and fixed in 2% paraformaldehyde in PBS for 10 min. They were then postfixed/extracted in ice-cold (−20°C) methanol for 10 min, rinsed in PBS, and then blocked with 8% BSA in PBST. They were then stained as described above for MPM2.

Cells stained for indirect IMF LM were examined and photographed on a Nikon Optiphot (Nikon Corp., Tokyo, Japan) equipped with a Quad Fluor epifluorescence attachment and a 60× 1.4 NA Planapo objective. Optical sections were captured using a Photometrics PXL 1400 (Tuscon, AZ) cooled charge-coupled device, processed, and then stored on a SGI workstation using ISEE software (Innovision Corp.). In all cases the exposure used to record images of experimental cells stained for nuclear epitopes (i.e., phosphorylated histone H1, H3, and MPM2) was set to be the maximum exposure in which the interphase nuclei surrounding the experimental nucleus still remained invisible.

Image Manipulation and Photography
----------------------------------

Selected DIC and epifluorescent digital images were exported from Image 1 or ISEE into Adobe Photoshop (Adobe Systems Inc., Mountain View, CA). After contrast manipulation, masking, and montaging, the final plates were printed with a Tektronix Phaser 450 dye sublimation printer (Wilsonville, OR).

Results {#Results}
=======

The Duration of Prophase in PtK~1~ Cells
----------------------------------------

Traditionally defined, the prophase stage of mitosis starts with the first visible signs of chromosome condensation and ends at NEB. For our studies it was important to know the approximate duration of prophase in PtK~1~ cells at 37°C. In our first attempts to obtain this data we used time-lapse video DIC LM to follow individual interphase cells in a growing culture for 10--12 h in hopes of catching some as they entered and proceeded through prophase (Fig. [1](#F1){ref-type="fig"}). These records reveal that late G~2~PtK~1~ nuclei contain 1--3 prominent nucleoli and a variable number of small discrete patches of heterochromatin which appear, in 0.2--0.3-μm-thick optical sections, to reside in a relatively unstructured (i.e., optically clear) nuclear matrix (Fig. [1](#F1){ref-type="fig"} *A*). As chromosome condensation is initiated, the nuclear matrix becomes progressively granulated (Fig. [1](#F1){ref-type="fig"} *B*), and over time these granules grow and fuse (Fig. [1](#F1){ref-type="fig"} *C*) to form linear ribbons that are ultimately resolved as individual chromosomes (Fig. [1](#F1){ref-type="fig"}, *D* and *E*).

This approach proved impractical for gathering a significant sample size within a reasonable period because in living cells G~2~ nuclei cannot be distinguished by conventional LM from G~1~ or S nuclei, and because few of the PtK~1~cells in a random population are in the cell cycle. However, with practice it becomes quite easy to distinguish an interphase nucleus (e.g., Fig. [1](#F1){ref-type="fig"} *A*) from one that is in the early stages of chromosome condensation. To estimate how long prophase lasts in PtK~1~, we therefore followed cells from the earliest clear signs of chromosome condensation until NEB. The results of this study revealed that the average duration of prophase in PtK~1~ cells is 60 ± 2.5 min (*n* = 27; range = 45--89 min). This is a minimum average because chromosome condensation started before being clearly definable by video LM (e.g., 46).

Chromosomal Damage in Late Prophase Does Not Affect Cell Cycle Advance
----------------------------------------------------------------------

To determine whether chromosomal breakage during late prophase affected cell cycle progression, we damaged the DNA in late prophase cells by selectively irradiating their nuclei through the objective lens with 532-nm laser light. To spread the irradiation across a selected region or area, as is required for cutting a chromosome or other organelle, the cell is slowly moved through the stationary beam by a motorized microscope stage. As a result, that region of the specimen moved through the beam is stitched by the laser pulses, leaving a visible linear pattern of denatured protein (i.e., a sniglet) in the plane of the Airy disk ([@B28]).

When cells in late prophase were stitched in the nucleus with up to 300 pulses of green (532-nm) laser light they always progressed into prometaphase (*n* = 11; Fig. [2](#F2){ref-type="fig"}). Mitosis in these cells was normal even when they were subsequently found during prometaphase to contain chromosome fragments (Fig. [2](#F2){ref-type="fig"} *D*, *arrows*). Spindle formation took ∼1 h and, as in nonirradiated controls ([@B49]), the cells did not enter anaphase until the last kinetochore attached to the spindle. These observations confirm that by late prophase, vertebrate cells no longer have a mechanism to arrest progress into mitosis in response to extensive damage to the chromatin.

Chromosomal Damage in Early Prophase Causes a Reversion to Interphase
---------------------------------------------------------------------

During the initial stages of this study we found that PtK~1~ cells in early prophase sometimes, but not always, returned to interphase after they were irradiated randomly in the nucleus with \<10 pulses of laser light. During these short (\<1-s) irradiations no attempt was made to move the nucleus through the beam and, as a result, the same volume received all the pulses. By using an empirical approach we subsequently determined that early prophase cells always returned to interphase when their nuclei were slowly moved through the beam during a 10-s (100-pulse) irradiation (*n* = 17; Fig. [3](#F3){ref-type="fig"}). Although the duration and intensity of this irradiation were well above the threshold needed to induce reversion, we adopted this strategy for the remainder of our studies because it ensured that the early prophase cells we irradiated would return to interphase.

Once an early prophase nucleus was irradiated, the condensing chromosomes began to slowly and progressively decondense (Fig. [3](#F3){ref-type="fig"}, *A--F*). As a result, over the next 90-- 120 min the nucleus returned to what appeared by DIC (and phase-contrast) LM as an interphase-like state (refer to Fig. [1](#F1){ref-type="fig"} *A* and Fig. [3](#F3){ref-type="fig"}, *E* and *F*). We followed six of these cells for long periods and, although they never re-entered mitosis, they were still viable when we terminated the observations 48--72 h later (data not shown). We also fixed three for the indirect immunofluorescent localization of Mts at a time (90--120 min after irradiation) when the cell would have certainly been in prometaphase had it not been irradiated. In all cases, the distribution of Mts in these cells resembled those found in adjacent interphase cells, i.e., they contained an interphase cytoplasmic Mt complex and not the two radial astral arrays of Mts characteristic of prometaphase cells (data not shown).

When we irradiated the cytoplasm adjacent to the nucleus of early prophase cells with 100 pulses from the laser microbeam, the cells invariably progressed normally through prophase and entered prometaphase (*n* = 5; data not shown). We repeated these nuclear and cytoplasmic irradiation experiments on prophase CHO and newt lung cells and obtained the same results (data not shown). From these experiments we conclude that the irradiation-induced reversion of prophase is due to damage to the nucleus and not the cytoplasm, and that during this process progression of the cytoplasm into the mitotic state is also reversed and/or inhibited.

Approximately 3% of the cells in a growing PtK~1~ culture contain two nuclei (i.e., they are binucleated) which, as the cell enters mitosis, condense their chromosomes synchronously ([@B53]). When we irradiated just one nucleus in a cell containing two early prophase nuclei with 100 pulses from our microbeam, both nuclei always returned to interphase (*n* = 4; Fig. [4](#F4){ref-type="fig"}). However, if we irradiated the cytoplasm with same dose, both nuclei always progressed normally into mitosis and the cell formed a multipolar spindle (*n* = 3; data not shown). These results confirm that the biochemical pathway involved in the reversion process is not fully contained within the nucleus, but that it also involves the cytoplasm.

At What Point Do Prophase PtK~1~Cells Become Refractory to Nuclear Irradiation?
-------------------------------------------------------------------------------

So far our data confirm that vertebrate somatic cells possess a point of no return during prophase past which the cell becomes refractory to irradiation and thus is committed to enter prometaphase. To estimate when this transition occurs with respect to the duration of prophase, we determined how long cells that had been irradiated in the nucleus, but yet progressed into prometaphase, remained in prophase before NEB (*n* = 11). We found that the longest time between irradiation and NEB was 34 min, which means that the point of no return occurs near the middle of prophase (which lasts ∼60 min in PtK~1~ cells; refer to above). This conclusion is consistent with our observation that the number of prometaphase cells in growing PtK~1~ cultures, that have been irradiated with UV-B light, drops sharply 30 min after the irradiation (data not shown). This sudden decrease in prometaphase cells is due to the fact that those prophase cells that were \<30 min away from NEB (and thus past the point of no return) at the time of irradiation progress into prometaphase, whereas those that were in an earlier stage of prophase fail to enter prometaphase and return to interphase.

Prophase-specific Nuclear Antigens Are Lost When Nuclei Are Induced by Irradiation to Return to Interphase
----------------------------------------------------------------------------------------------------------

A major problem in studying the progressive biochemical changes that occur in the nucleus as it transits prophase is that many of the fixation protocols used to preserve antigens, including those based on acetone, methanol, and formaldehyde, grossly disturb chromosome morphology. As a result, it is impossible in cultures fixed with these reagents to define with certainty, by phase-contrast or even fluorescence LM, the stage of chromosome condensation at the time of fixation, or sometimes even to distinguish early prophase from interphase cells. To eliminate this problem, we followed individual living cells by time-lapse video LM throughout the experiment until the point of fixation. After processing for immunofluorescence microscopy (IMF) the same cell was then relocated for imaging. Although this approach provides data on only one cell within a culture, it is the only way to clearly demonstrate that a nucleus was in early to mid-prophase at the time of experimentation and/or fixation.

A number of biochemical changes occur in the nucleus as it transits from G~2~ into prophase. One of the earliest appears to be the mitosis-specific phosphorylation of histone H3 which is thought to be required for chromosome condensation (for review see 18). Prophase is also temporally coordinated with the hyperphosphorylation of the linker histone H1, which is not required for chromosome condensation (for review see 31). Finally, as G~2~ cells enter mitosis, phosphorylated epitopes recognized by the MPM2 antibody progressively accumulate within the nucleus ([@B10]). More than 40 phosphorylated proteins are recognized in mitotic cells by the MPM2 antibody ([@B61]) and they include, e.g., DNA topoisomerase II alpha, CDC25C, histone H1, and a H1 kinase (e.g., 32, 34, 55).

Histone H3 Phosphorylation
--------------------------

The antibody used for this part of our study is specific for the phosphorylated (Ser10) form of the amino terminus of histone H3 ([@B18]). After fixing cells in methanol it stains chromatin/chromosomes from the earliest stages of condensation in prophase in a wide variety of mammalian cells, and the intensity of the labeling is positively correlated with the degree of chromosome condensation. We found that early prophase nuclei in PtK~1~ cells, as judged by the degree of chromosome condensation just before fixation, stained intensely with this antibody (Fig. [5](#F5){ref-type="fig"}, *A--C*). We irradiated nuclei in 7 cells that were in a similar stage of early prophase with 100 pulses from the laser microbeam, and then fixed and stained these cells as they were decondensing their chromosomes. The nuclei in all of those cells fixed 30 s to 30 min after irradiation still stained relatively intensely for phosphorylated H3 (Fig. [5](#F5){ref-type="fig"}, *D--G*). However, those cells that were fixed \>90 min after irradiation exhibited only a few very weak patches of stain similar to those of surrounding interphase cells (Fig. [5](#F5){ref-type="fig"}, *H--K*). Thus, triggering the nuclear damage checkpoint in early prophase cells leads to the dephosphorylation of histone H3, which was originally phosphorylated during the earliest stages of chromosome condensation.

Histone H1 Phosphorylation
--------------------------

We used a polyclonal antibody that specifically recognizes phosphorylated forms of H1 in diverse cell types ([@B38]). As previously reported for other cells, most interphase nuclei within a PtK~1~ culture stained weakly with this antibody, but the staining intensity increased dramatically as cells entered mitosis. Relative to the nuclei of interphase cells, the nuclei of early prophase PtK~1~ cells showed an enhanced staining with this antibody, and within the nucleus the distribution of the staining pattern was not restricted to the condensing chromosomes (Fig. [6](#F6){ref-type="fig"}, *A--C*).

As found for the phosphohistone H3, the distribution of phosphohistone H1 also changed when prophase cells were induced by nuclear irradiation to return to interphase (*n* = 6). The nuclei in cells fixed 30 min after irradiation still contained more phosphohistone H1 than the surrounding interphase cells (Fig. [6](#F6){ref-type="fig"}, *D--G*). However, the nuclear staining in those fixed 90 min after irradiation was indistinguishable from that of surrounding interphase controls (Fig. [6](#F6){ref-type="fig"}, *H--K*). Thus, triggering the nuclear damage checkpoint in prophase cells also leads to the dephosphorylation of histone H1 that had been phosphorylated before nuclear irradiation.

MPM2 Antigens
-------------

During interphase, the MPM2 antibody stains small discrete patches within the nuclei of interphase PtK~1~ cells but the intensity of this staining increases dramatically as the cell enters prophase (58; Fig. [7](#F7){ref-type="fig"}, *A--C*). Throughout prophase MPM2 antigens are restricted to the nucleus until NEB, at which time they become associated with the chromosomes and the mitotic apparatus ([@B58]). We irradiated the nuclei in six early prophase PtK~1~ cells and then fixed and stained them for the presence of MPM2 epitopes at various times after irradiation. Relative to the surrounding interphase cells, the nuclei in those cells fixed 30 min after irradiation still exhibited a significant amount of MPM2 staining (Fig. [7](#F7){ref-type="fig"}, *D--G*). However, the nuclei in those cells fixed 90 min after irradiation exhibited just a few punctuate and weak regions of stain similar to those of interphase cells (Fig. [7](#F7){ref-type="fig"}, *H--K*). Thus, the phosphoepitopes that are present in early prophase nuclei that are recognized by the MPM2 antibody are progressively dephosphorylated when the nucleus is induced to return to interphase by laser irradiation.

Discussion {#Discussion}
==========

Our study confirms that a cell cycle checkpoint exists in vertebrate somatic cells during prophase that prohibits entry into prometaphase when the nucleus is damaged, and this checkpoint pathway becomes nonfunctional ∼30 min before NEB in PtK~1~, which is well after the prophase stage of mitosis has begun. Although we assume that this checkpoint is triggered by DNA damage, we cannot exclude the possibility that it monitors damage to other nuclear component(s). However, regardless of what is monitored, when activated it reverses the process of chromosome condensation and inhibits NEB. To date this is the last checkpoint described before the cell becomes committed to enter mitosis. During the remainder of our discussion we will refer to this checkpoint as the one that regulates entry into prometaphase.

Prophase PtK~1~ cells that are induced to undergo a reversion by our protocol remain viable but do not reenter mitosis during the next 72 h. This likely reflects the fact that our protocol (100 pulses in the nucleus) produces substantial chromatin damage that cannot be repaired in a reasonable period. In support of this conclusion, Carlson ([@B6]) found that when mammalian cells in early prophase are exposed to different doses of X-rays, they revert to interphase, but then ultimately reenter and complete a normal mitosis, and that those more heavily irradiated take many more hours to do so. Similar results were also reported by Gaulden and Perry ([@B15]) who studied the effects of nuclear UV microbeam irradiations in grasshopper neuroblasts. Thus, the ability of cells to reenter mitosis after an irradiation-induced reversion from prophase is dose dependent, and the (high) doses we use to ensure reversion prohibit reentry into mitosis.

Triggering the Checkpoint Regulating Entry into Prometaphase Likely Downregulates Existing CDK1 Activity
--------------------------------------------------------------------------------------------------------

The mitotic condition is induced by activating the Cdc2/cyclin B (CDK1) kinase (for reviews see 22, 30). Unfortunately, the degree of synchronization required to conduct direct biochemical assays for CDK1 activity on populations of prophase cells that have been induced to revert to interphase cannot be obtained. However, since the phosphorylation of histone H1 (e.g., 35, 57) and MPM2 antigens (e.g., 32, 33) occurs directly or indirectly through CDK1 activity, the phosphorylation of these substrates (especially H1) is routinely used to assay CDK1 activity (for reviews see 41, 52). We found that once they have been phosphorylated in response to CDK1, histone H1, histone H3, and the MPM2 epitopes become dephosphorylated (or destroyed) when prophase nuclei are induced to return to interphase. It is possible that the dephosphorylation of these antigens is due, e.g., to an irradiation-induced enhanced activity of unknown phosphatases that are regulated independently of CDK1 activity. However, there is ample evidence that radiation during G~2~ prohibits the activation of CDK1, and thus entry into mitosis, by either inhibiting the stimulatory function of the Cdc25C phosphatase on CDK1 activity ([@B3], [@B47]) and/or by up-regulating CDK1 inhibitory kinases (Wee1 or Mik1; for reviews see 4, 24, 26, 36, 43). Thus, the most straightforward interpretation of our data is that triggering the checkpoint regulating entry into prometaphase leads to the downregulation of existing CDK1 activity. If true, then the cell possesses a pathway during early but not late prophase that allows it to downregulate active CDK1, and the presence of such a pathway provides a mechanism for reversing the prophase portion of the cell cycle. It is also possible that degradation of this checkpoint in late prophase occurs after CDK1 activation, via the Cdc2/Cdc25 autocatalytic feedback loop (for review see 43), has progressed to a point where it cannot be overridden by the existing checkpoint pathway.

Once the Checkpoint Guarding Entry into Prometaphase Is Abrogated the Cell Does Not Normally Inactivate Its CDK1 Until Conditions Are Met to Trigger the M--A Transition
------------------------------------------------------------------------------------------------------------------------------------------------------------------------

As we have shown the checkpoint guarding entry into prometaphase in animal somatic cells becomes nonfunctional in mid- to late prophase, after which point the cell no longer has the ability to inactivate CDK1 (i.e., escape the mitotic condition) in response to DNA damage. Indeed, once prophase has ended (at NEB), the cell cannot normally inactivate its CDK1 until those requirements are met for passage through the checkpoint controlling the M--A transition. At this point CDK1 is then inactivated by the ubiquitin-mediated destruction of its associated cyclin B (refer to Introduction) and the cell exits mitosis. These observations raise the possibility that degradation of the checkpoint pathway guarding entry into prometaphase, which appears to coincide with the loss of the cell\'s ability to inactivate its CDK1 in response to DNA damage, occurs concurrent with the activation of the kinetochore attachment checkpoint. This latter control prohibits the premature inhibition of CDK1 activity, and thus exit from mitosis, until all the chromosomes (kinetochores) are properly attached to the spindle (refer to Introduction). In this regard it is noteworthy that the MAD2 ([@B7]) and BUB1 proteins ([@B56]), which are important components of the kinetochore attachment checkpoint, are both located in the nucleus of late G~2~ cells, and that BUB1 is associated with the kinetochores of condensing chromosomes.

The Checkpoint Pathway Guarding Entry into Prometaphase Involves the Cytoplasm
------------------------------------------------------------------------------

The Mt complex of early prophase cells is replaced, before or sometimes just after NEB ([@B1]), with two radial arrays of Mts that focus on the replicated centrosomes. This reorganization of Mts at the G~2~/M transition correlates with a change in the behavior of Mt plus ends ([@B59]) and with the hyperphosphorylation of centrosomal components ([@B58]), both of which are though to be mediated by CDK1. In this regard, centrosome maturation has been reported to coincide with the cdc25B-dependent activation of centrosome-associated CDK1 ([@B2], [@B13]).

Radiation damage to G~2~ cells prohibits progression into mitosis by ultimately inhibiting the activation of CDK1, perhaps thought its affect on Cdc25 phosphatase (e.g., 3, 14, 47). Without exception, the methods used in these studies involved irradiating populations of whole cells, and Cdc25 is found in both the cytoplasm and in the nucleus. As a result, the influence on the cytoplasm of biochemical changes induced within the nucleus after DNA damage is masked in these studies. By contrast, with our methods we could selectively irradiate only the nucleus or cytoplasm. Mitosis proceeds normally when the cytoplasm of prophase cells is irradiated with doses that induce a reversion when targeted to the nucleus. However, similar nuclear irradiations not only induce chromosome decondensation, but it also inhibit progression of the cytoplasm into the mitotic state as evidenced, e.g., by the fact that the centrosomes fail to ultimately form asters, which they would normally do at the end of prophase if the nucleus had not been irradiated. In addition, irradiating one nucleus in a cell containing two prophase nuclei induces both to return to interphase (refer to Fig. [4](#F4){ref-type="fig"}). Thus, damage to a prophase nucleus is converted into a signal that enters the cytoplasm and spreads throughout the cell to inhibit progression of the cytoplasm into the mitotic state (and also progression of an adjacent nonirradiated nucleus). The molecular mechanisms behind this signaling pathway remain to be determined. Since cdc25 has been implicated in activating both nuclear and cytoplasmic CDK1, it is possible that triggering this nuclear damage checkpoint inhibits nuclear cdc25 activity, and that this same inhibitory signal spreads to the cytoplasm to delay centrosome maturation by a similar mechanism.
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![(*A--F*) The G~2~/ mitosis transition in a PtK~1~cell. (*A--F*) Selected video frames from a time-lapse recording of a G~2~ cell (*A*) as it enters (*B* and *C*) and proceeds through (*D* and *E*) prophase of mitosis. Late G~2~ nuclei contain 1--3 nucleoli that are suspended in a relatively unstructured nuclear matrix that is also studded with small granules of heterochromatin (*A*). In optical DIC sections the earliest signs of chromosome condensation are signaled by a rapid increase in the number of small granules within the nuclear matrix (*B*), which over time grow and fuse to ultimately form recognizable chromosomes (*C* and *D*). In this example, NEB (*E*) occurred ∼70 min after the first visible signs of chromosome condensation, and the cell formed a normal bipolar prometaphase spindle (*F*). In this and all subsequent figures elapsed time (in min) is shown in the lower left-hand corner of each frame. Bar, 10 μm.](JCB9804115.f1){#F1}

![(*A--F*) Nuclear irradiations in late prophase that induce chromosome breaks have no effect on progression into and through mitosis. Six selected frames from a time-lapse video DIC record of a PtK~1~ cell progressing through mitosis after its nucleus was stitched in late prophase (∼20 min before NEB) with 100 pulses of 532-nm laser light. (*A*) Just before irradiation; (*B*) just after the nucleus was irradiated near one of its nucleoli. *Arrows,* the linear sniglet of denatured material (also seen in *C*) produced by translating the Airy disk within the nucleus. (*C*) NEB. During spindle formation (*D*), several chromosome fragments were ejected into the cytoplasm (*arrows*). After all the chromosomes congressed the cell entered anaphase (*E*) and the irradiation-induced acentric chromosome fragments were randomly sorted during cytokinesis (*F*, *arrows*). Bar, 10 μm.](JCB9804115.f2){#F2}

![(*A--F*) Nuclear irradiations during early to mid-prophase inhibit progression into mitosis and induce the cell to return to interphase. Six selected frames from a time-lapse video DIC sequence of a mid-prophase PtK~1~ cell returning to interphase in response to a 10-s nuclear irradiation with 532-nm laser light. (*A*) Just before irradiation. Note the two prominent nucleoli and the condensing chromosomes. (*B*) Just after irradiation. *Arrow,* clumps of denatured protein formed within the nucleus in response to laser irradiation. Over the next 90--120 min (*C--F*), the chromosomes progressively decondense and the nucleus returns to an interphase-like state (*E* and *F*). Time, in min, is at the lower left-hand corner of each frame. Bar, 10 μm.](JCB9804115.f3){#F3}

![(*A--C*) Selectively irradiating one nucleus in a cell containing two early prophase nuclei induces both to return to interphase. Three selected frames, from a time-lapse video DIC record, of a binucleated PtK~1~cell in which both nuclei were in prophase and synchronously condensing their chromosomes. The cell pictured in *A* is just after one of the nuclei was irradiated with 100 pulses of 532-nm laser light. Note the track of denatured material (*arrows*). Over the next 2 h (*B* and *C*) the chromosomes in both nuclei progressively decondensed (refer to Fig. [3](#F3){ref-type="fig"}). Bar, 10 μm.](JCB9804115.f4){#F4}

![The phosphorylated form of histone H3 progressively disappears from prophase nuclei as they return to interphase in response to nuclear irradiations. (*A--C*) An early prophase control cell that was first photographed alive using DIC optics (*A*) before fixing and staining with Hoechst (*B*) and for the indirect immunofluorescent localization of phosphorylated histone H3 (*C*). Note that the prophase nucleus, but not the surrounding interphase nuclei (*B*), stains intensely for the presence of phosphorylated histone H3. (*D--G* and *H--K*) Two experimental prophase nuclei that were fixed in the process of returning to interphase in response to nuclear irradiations. In these examples, living cells in early prophase (*D* and *H*) were irradiated in the nucleus with 100 laser pulses of 532-nm laser light and followed by time-lapse video LM for 30 (*E*) or 90 (*I*) min before fixation. After fixation they were stained with Hoechst (*F* and *J, arrows*) and for the indirect immunofluorescent localization of phosphorylated histone H3 (*G* and *K*). The exposures in *C*, *G*, and *K* were normalized so that other nonmitotic nuclei within the same field (see *B*, *F*, and *J*) were not visible. Note that reverting nuclei contain significant amounts of phosphorylated histone H3 30 min (*G*) but not 90 min (*K*) after irradiation. Bars, 10 μm.](JCB9804115.f5){#F5}

![The phosphorylated form of histone H1 progressively disappears from prophase nuclei as they return to interphase in response to nuclear irradiations. Conditions were the same as in Fig. [5](#F5){ref-type="fig"} except that the cells were stained for the phosphorylated form of histone H1. Early prophase PtK~1~ nuclei that have not been irradiated (*A* and *B*) contain significant amounts of phosphorylated histone H1 (*C*). However, similar prophase nuclei that are fixed 30 min after a nuclear irradiation (*D--F*) contain very little phosphorylated histone H1 (*G*). The amount of phosphorylated histone H1 seen in prophase nuclei that are fixed 90 min after a nuclear irradiation is minimal and similar to that seen in surrounding nonirradiated interphase cells (*K*). Bars, 10 μm.](JCB9804115.f6){#F6}

![The mitosis-associated phosphorylated epitopes recognized by the MPM2 antibody disappear from prophase nuclei as they return to interphase in response to nuclear irradiations. Conditions were the same as in Fig. [5](#F5){ref-type="fig"} except that these cells were stained with a monoclonal antibody to MPM2 antigens. Early prophase (*A* and *B, arrow*) PtK~1~nuclei contain appreciably more MPM2 epitopes than adjacent interphase nuclei (*C*). By contrast, similar prophase nuclei fixed 30 min after a nuclear irradiation (*D--F*) contain significantly fewer MPM2 epitopes (*G*), whereas those fixed after 90 min (*H--J*) largely lack these epitopes (*K*). As evident from the Hoechst image (*F*), the bright MPM2-positive cell in *G* is in metaphase of mitosis. Bars, 10 μm.](JCB9804115.f7){#F7}
